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,QWURGXFWLRQ
7KH%DKDUL\D)RUPDWLRQW\SHORFDOLW\LVWKH%DKDUL\D2DVLVZKLFKOLHVDERXWNPVRXWKZHVWRI&DLURWRZQ7KH
%DKDUL\D)RUPDWLRQFRYHUVWKHIORRUDQGSDUWVRIWKHVORSHVXUURXQGLQJWKHGHSUHVVLRQZLWKDPD[LPDORXWFURSSHG
WKLFNQHVV RI  P 6XEVXUIDFH JHRORJ\ LQ WKH :HVWHUQ 'HVHUW RI (J\SW KDV SRVHG PDQ\ TXHVWLRQV RI KRZ
VWUDWLJUDSK\ LV UHODWHG WR WKH KLVWRU\ RI WKH8SSHU&UHWDFHRXV HDUWKPRYHPHQWV )UDQNV  7KH VWUDWLJUDSKLF
VXFFHVVLRQ(*3&LQWKHQRUWKHUQSDUWRIWKH:HVWHUQ'HVHUW)LJVKRZVWKDWWKH%DKDUL\D)RUPDWLRQLV
OD\LQJDWWKHORZHUPRVWSDUWRIWKH8SSHU&UHWDFHRXVDQGEHORQJLQJWRWKH(DUO\&HQRPDQLDQLQDJH,WLVRYHUODLQ
E\$EX5DZDVK)RUPDWLRQDQGXQGHUODLQE\WKH.KDULWD)RUPDWLRQ7KHSURVSHFWLYHSDUWRIWKHVHGLPHQWDU\VHFWLRQ
)LJZKHUHWKHVRXUFHUHVHUYRLUDQGVHDOLQJURFNVDUHPRVWOLNHO\WREHSUHVHQWUDQJHVIURP3DOHR]RLF6LOXULDQ
'HYRQLDQWRWKH/RZHU7HUWLDU\
7KH JHRORJ\ RI WKH %DKDUL\D 2DVLV LV DOPRVW ZHOO
NQRZQZLWKDQXPEHURIVWXGLHVJRLQJEDFNDVIDUDV
%DOO DQG %HDGQHOO  3DOHRQWRORJLFDO
SHWURSK\VLFV DQG UHVHUYRLU HYDOXDWLRQ VWXGLHV ZHUH
PDGH E\ 6WURPHU  6DLG DQG ,VVDZL 
6ROLPDQ HW DO  (O 6D\HG DQG  (O
6D\HGHWDODQG$WKPHU$WKPHU
HWDODQG0DWWKLDVHWDO(O6D\HGHWDO
 FRQFOXGHG WKDW WKH %DKDUL\D )RUPDWLRQ
HQFRXQWHUHG LQ ERWK 6DODP.KDOGD RLO DQG JDV ILHOGV
FRQVLVWV PDLQO\ RI VDQG OD\HUV RFFXS\LQJ WKH XSSHU
PRVW SDUW RI WKH IRUPDWLRQ ZKLOH WKH VWDFNLQJ VDQG\
VKDOH OD\HUV DUH FRPPRQ LQ WKH ORZHU SDUW ,Q WKH
%DKDUL\D VDQGVWRQHV WKH S\ULWH LV ILQHJUDLQHGZKLFK
OHDGVWRDGDUNWREODFNFRORULQJRIWKHIODVHUEHGGLQJ
7KH IODVHU EHGGLQJ LV ZDY\ DV LW PRVWO\ WUDFHV WKH
PRUSKRORJ\ RI ULSSOHV EXW SDUWO\ WKH ZDY\ EHGGLQJ
ZDV GHYHORSHG DV D UHVXOW RI ELRWXUEDWLRQ 9HU\
SURQRXQFHG DQG FXUYHG IODVHU EHGGLQJ UHIHUV WR
VOXPSLQJ LQ XQFRQVROLGDWHG VHGLPHQW 2[LGDWLRQ RI
S\ULWH DIWHU GLDJHQHVLV OHDGV WR WKH EURZQ WR DXEXUQ
FRORXU RI WKH SDUWLFOHV DQG RI SDUWV RI WKH IODVHU
EHGGLQJ3\ULWHFRQWDLQVLURQZKLFKUHDFWVZLWKR[\JHQ
IURPWKHDLURUZDWHUFLUFXODWLQJ WKURXJK WKHVHGLPHQW
RYHU GLIIHUHQW R[LGDWLRQ VWDWHV WR LURQ K\GUR[LGHV OLNH
OLPRQLWH,QDOOWKHLQYHVWLJDWHGVDPSOHVDKLJKFRQWHQW
RIJODXFRQLWH ]LUFRQ DQG UXWLOHZDV IRXQG7KHKHDY\
PLQHUDOV]LUFRQDQGUXWLOHDUHPRVWO\ZHOOURXQGHGDQG
SUREDEO\ RULJLQDWHG IURP EHDFK SODFHU GHSRVLWV RU
ROGHU ZHDWKHUHG URFNV ZKLFK ZHUH WUDQVSRUWHG E\
ULYHUV LQWR WKH HVWXDU\*UHHQJODXFRQLWH IRUPVRQ WKH
FRQWLQHQWDO VKHOI LQ RQO\ OLWWOH PRYLQJ ZDWHU ZLWK
PD[LPDO GHSWKV RI  P ,Q VRPH VDPSOHV WKH
JODXFRQLWH LV RI EURZQ FRORXU GXH WR WKH SDUWLDO
R[LGDWLRQWDNLQJ SODFH LQ DUHDV FORVH WR WKH FRVW ,W
LQGLFDWHVDUHORFDWLRQRIWKHPLQHUDOJUDLQV$OOWKHVWXGLHGVDPSOHVVKRZIHDWXUHVZKLFKJLYHLQGLFDWLRQVRIGHHS
EXULDODQGLQFUHDVHGSUHVVXUH&RQFDYHFRQYH[FRQWDFWVYLVLEOHDWWKHTXDUW]JUDLQVDUHGHYHORSHGDWDGHSWKRIWZR
WRWKUHHNLORPHWUHV$WKPHU0RUHRYHUWKHYHU\FORVHFRQWDFWVRIWKHSODQHNDROLQLWHPLQHUDOVUHVXOWHGIURP
DQ LQFUHDVH LQSUHVVXUH FDXVHGE\ WKH VHGLPHQWDU\ ORDG ,Q DGGLWLRQ VROXWLRQRFFXUULQJ DW TXDUW]JUDLQVGHYHORSV
XQGHU KLJK SUHVVXUH DQG OHDGV WR QHZ IRUPDWLRQ RI TXDUW] FHPHQW 7ZLVWHG PLFD DQG GHIRUPHG SDUWLFOHV LQ WKH
VWXGLHG %DKDUL\D VDPSOHV LQGLFDWH D GHHS EXULDO WRR &DUERQDWH FHPHQW WKDW GLVSODFHV TXDUW] JUDLQV FDQ EH
JHQHUDWHGE\FLUFXODWLRQRIVXUIDFHZDWHUFRQWDLQLQJFDUERQDWHDOWHUDWLRQRIFOD\PLQHUDOVDQGVROXWLRQRIFDUERQDWH
)LJ6WUDWLJUDSKLF&ROXPQRI:HVWHUQ'HVHUW(*3&
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PLQHUDOV RU FDOFDUHRXV VNHOHWRQV 7KH GHWHFWHG FOD\ PLQHUDOV DVVRFLDWLRQV XVLQJ ZHOO ORJJLQJ DQDO\VLV ZHUH
PRQWPRULOORQLWHNDROLQLWHDQG*ODXFRQLWH(O6D\HGHWDOFRQFOXGHGWKDWWKH%DKDUL\DURFNJHQHWLFW\SHV
GHWHFWHGE\WKHLUZRUNZHUHPDLQO\VWUHDPPRXWKEDUEDUULHUEDUSRLQWEDUDQGGLVWULEXWDU\FKDQQHOVDQGERGLHV
ZKLFK DUH XVXDOO\ UHSHDWHG LQ WLPH DQG VSDFH 7KH GLIIHUHQW URFN JHQHVLV FKDUDFWHUL]LQJ WKH %DKDUL\D )RUPDWLRQ
VKRXOGEHULVHVDVGLIIHUHQFHV LQ WKHLUSK\VLFDOSURSHUWLHVHLWKHU LQ LWVYHUWLFDORUKRUL]RQWDOGLVWULEXWLRQSRURVLW\
SHUPHDELOLW\VRQLFZDYHYHORFLW\DQGHOHFWULFDOUHVLVWLYLW\

)LJD0LFURVFRSLFLPDJHRIVDPSOH+XQGHUUHIOHFWHGOLJKWVKRZLQJ
IHOGVSDWKLFDUHQLWHZLWKKLJKUHIOHFWLYHIUDPERLGDOS\ULWHVUHGDUURZ
ZKLFKDUHDOLJQHGOLNHDSHDUOQHFNODFHZLWKLQDIODVHUODPLQD
)LJE6DPSOHVIURPWKH%DKDUL\D)RUPDWLRQ
OHIWVLGHODPLQDWHGDQG
QRQODPLQDWHGULJKW

7KH%DKDUL\DJHQHWLFVDQGVWRQHERGLHVODPLQDWLRQVYHUWLFDOLQFOLQHGDQGKRUL]RQWDODQGIDFLHVFKDQJHVZKLFKDUH
LQWHUSUHWHGLQWKHVXEVXUIDFHWRWKHQRUWKDVKDYHEHHQGHVFULEHGE\(O6D\HGHWDOLQ6DODP.KDOGDRLODQG
JDVILHOGVDQGUHFHQWO\GHVFULEHGE\$WKPHUHWDOJLYLQJPDQ\UHDVRQVIRUREWDLQLQJUHVHUYRLUDQLVRWURS\
7KHDLPRI WKLVVWXG\ LV WREXLOGLQJVRPHPXOWLUHJUHVVLRQ OLQHPRGHOVPRUHUHOHYDQW WRVXFKFDVHV7KLVVWXG\ LV
GRQHWKURXJKDMRLQWSURMHFWZKLFKLVSDUWLDOO\IXQGHGE\WKH*HUPDQ')*HVWDEOLVKPHQW
0HWKRGRORJ\
6DPSOH SRURVLW\ DQG SHUPHDELOLW\ ZHUH PHDVXUHG E\ KHOLXP SRURVLPHWHU DQG QLWURJHQ JDV SHUPHDPHWHU
UHVSHFWLYHO\:KLOHWKHXOWUDVRQLFZDYHYHORFLWLHV93DQG9VDUHPHDVXUHGE\XVHRI2<2VRQLFYLHZHUIRUGU\DQG
VDWXUDWHG VDPSOHV XVLQJ WHFKQLTXHV DGRSWHG E\ (O 6D\HG  7KH SHUPHDELOLW\ DQG DFRXVWLF ZDYH YHORFLW\
DQLVRWURS\ZHUHFDOFXODWHGDV
      
        





ZKHUHAkLVWKHSHUPHDELOLW\DQLVRWURS\DQGAvoLVWKHYHORFLW\DQLVRWURS\
6RPH VHOHFWHG FRUH VDPSOHV RI WKH %DKDUL\D )RUPDWLRQ ZHUH SHWURJUDSKLFDOO\ VWXGLHG DQG PRVW RI WKHP DUH
GHVFULEHGDVIHOGVSDWKLFDUHQLWH)LJDEODPLQDWHGLQVRPHLQWHUYDOV7KHSHWURSK\VLFDOPHDVXUHPHQWVFDUULHGRXW
ZHUHURFNSRURVLW\SHUPHDELOLW\HOHFWULFDOUHVLVWLYLW\VXUIDFHDUHDPDJQHWLFVXVFHSWLELOLW\VRQLFZDYHYHORFLW\IRU
GU\DQGVRPHVDWXUDWHGVDPSOHVDQGWKHSHWURJUDSK\IRUVRPHVHOHFWHGVDPSOHV
5HVXOWVDQGGLVFXVVLRQV
3.1. Rock Density and Porosity 
7KHPHDVXUHGQRQRULHQWHGSHWURSK\VLFDOSDUDPHWHUVOLNHURFNGHQVLW\DQGSRURVLW\KDYHQRDQLVRWURS\YDOXHV
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EHFDXVH WKH\ UHYHDO'GLPHQVLRQDO URFNSURSHUWLHV 7KHPHDVXUHGEXONGHQVLW\RI WKH%DKDUL\D VDPSOHV UDQJHV
IURP  WR  JFP 7KHPHDQ YDOXH LV IRXQG WR EH  DQG  JFP IRU ODPLQDWHG DQG QRQODPLQDWHG
VDPSOHVUHVSHFWLYHO\)LJDDQGE7KHHIIHFWRI OLWKRORJLF ODPLQDWLRQLVPDUNHGRQWKHGHQVLW\PHDQYDOXH7KH
QRQODPLQDWHGVDPSOHVKDYHWKHORZHVWPHDQEXONGHQVLW\YDOXH2QWKHRWKHUKDQGWKHPHDVXUHG+HOLXPSRURVLW\
UDQJHVIURPXSWRZLWKPHDQYDOXHVRIDQGIRUODPLQDWHGDQGQRQODPLQDWHGVDPSOHV
UHVSHFWLYHO\)LJVDDQGE7KHHIIHFWRIOLWKRORJLFODPLQDWLRQLVREYLRXVRQWKHURFNSRURVLW\PHDQYDOXH7KH
QRQODPLQDWHGVDPSOHVKDYHWKHKLJKHVWPHDQSRURVLW\YDOXH


)LJD3RURVLWLHV¡IRUWKHODPLQDWHGVDPSOHV )LJE3RURVLWLHV¡IRUWKHQRQODPLQDWHGVDPSOHV
3.2. Specific Internal Surface Distribution 
7KHVSHFLILFVXUIDFHDUHDLVGHWHUPLQHGE\%(7PHWKRG%UXQDXHUHWDO,WLVQRUPDOL]HGE\WKHWRWDOVDPSOH
YROXPHWKHSRUHYROXPHRUWKHPDVVDQGLVGHILQHGDV
6WRWDO VXUIDFHDUHDRIWKHSRUHVWRWDOYROXPH
6SRU VXUIDFHDUHDRIWKHSRUHVSRUHYROXPH
6PDVV 6XUIDFHDUHDRIWKHSRUHVWRWDOPDVV
7KHPHDVXUHGPDVV 6PSRUH 6SRU DQG WRWDO 6W VSHFLILF DUHDDUH UDQJHG IURP WRFP.J WR
APDQGWRPNJUHVSHFWLYHO\IRUDOO WKHVWXGLHG%DKDUL\DVDPSOHV7KHPHDQYDOXHVRI
6P DUH IRXQG WR EH  DQG  FP.J IRU ODPLQDWHG DQG QRQODPLQDWHG VDPSOHV UHVSHFWLYHO\ 7KH KLJK
UDQJHDQGGLVFUHSDQF\LQLWLVGXHWRWKHKLJKDQLVRWURS\LQWKHODPLQDWHGVDPSOHVVWG'HY ZKLOHLWLVYHU\
VPDOOLQWKHQRQODPLQDWHGRQHVVWG'HY 
7KHPHDQYDOXHVRISRUHVSHFLILFVXUIDFH6SRUDUHIRXQGWREHDQGAPIRUODPLQDWHGDQGQRQ
ODPLQDWHGVDPSOHVUHVSHFWLYHO\7KHPHDQYDOXHVRI6DUHIRXQGWREHDQGPNJIRUODPLQDWHGDQGQRQ
ODPLQDWHGVDPSOHVUHVSHFWLYHO\
3.3. Permeability Distribution 
7KHURFNSHUPHDELOLW\LVQRQVFDODUSDUDPHWHUDQGLVGHILQHGDVWKHDELOLW\RIDURFNWRFRQGXFWIOXLGVXQGHUFHUWDLQ
SUHVVXUHJUDGLHQW ,W UHSUHVHQWV WKHFRPPXQLFDWLRQ OLQHVEHWZHHQSRUH VSDFHVDQG VXEVHTXHQWO\ LWGHSHQGVRQ WKH
SRUH WKURDW UDGLXV DQG URFN SURSHUWLHV VXFK DV JUDLQ VKDSHV SDFNLQJ DQJXODULW\ DQG FHPHQWLQJ PDWHULDOV DQG
LUUHGXFLEOHZDWHU/LTXLGVIORZIDVWHU LQ WKHFHQWUHRI WKHSRUH WKDQDORQJ WKHVLGHV7KLVGLIIHUHQWLDO IOXLGIORZLV
NQRZQDV.OLQNHQEHUJ HIIHFW7KXV D VPDOO JUDLQ VL]H KLJK VSHFLILF VXUIDFH DUHDKDV WKH HIIHFW RI ORZHULQJ WKH
SHUPHDELOLW\3HUPHDELOLW\LVPHDVXUHGXVLQJWKH'DUF\IRUPXOD
 
Q/A= (K/μ). (ǻȇ/L)                                                                             
ZKHUH4 IORZUDWHFFVHF$ FURVVVHFWLRQDODUHDFP/ OHQJWKFP YLVFRVLW\RIIORZLQJIOXLGVFSǻȇ 
SUHVVXUHGLIIHUHQWLDODFURVVVDPSOHDWPSUHVVXUH 3D. SHUPHDELOLW\E\'DUF\ZKLOHRQH'DUF\HTXDOV
ȝP7KH1LWURJHQSHUPHDELOLW\RIWKH%DKDUL\DVDPSOHVLVPHDVXUHGE\5DVND*DVSHUPHDPHWHU,WLVUDQJHG
IURPP'XS WRP'ZLWKPHDQSHUPHDELOLW\YDOXHVRIP'DQGP'IRU ODPLQDWHGDQGQRQ
ODPLQDWHGVDPSOHV UHVSHFWLYHO\7KHQRQODPLQDWHGVDPSOHVKDYH WKHKLJKHVWPHDQSHUPHDELOLW\YDOXH P'
GXHWRWKHRISHUPHDELOLW\EDUULHUVODPLQDV
7KHSHUPHDELOLW\DQLVRWURS\RIWKH%DKDUL\DVDPSOHVKDVEHHQFDOFXODWHGXVLQJHTXDWLRQ,WUDQJHVIURP
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XS WR 7KHPHDQYDOXHV RI WKH SHUPHDELOLW\ DQLVRWURS\ DUH IRXQG WR EH HTXDO   DQG  IRU DOO
ODPLQDWHGDQGQRQODPLQDWHGVDPSOHVUHVSHFWLYHO\
3.4. Electrical Resistivity Distribution 
7KH HOHFWULFDO UHVLVWLYLW\ QRQ VFDODU RI DOO VDPSOHV KDV EHHQ GHULYHG IURP WKH PHDVXUHPHQWV RI WKH LQGXFHG
SRODUL]DWLRQVSHFWUD%RUQHUDQG6FKRQLQDIUHTXHQF\UDQJHIURPN+]WRP+]2QO\WKHUHVLVWLYLW\
DPSOLWXGHVDWDIUHTXHQF\RI+]KDYHEHHQXVHGLQWKLVVWXG\7KHPHDVXUHPHQWVZHUHSHUIRUPHGXQGHUDPELHQW
FRQGLWLRQV DW D FRQVWDQW WHPSHUDWXUH RI DERXW & 7KH VDPSOHV ZHUH IXOO\ VDWXUDWHG ZLWK D VRGLXPFKORULGH
VROXWLRQRIJOUHVXOWLQJLQDZDWHUFRQGXFWLYLW\RI6PUDQJHVIURP:PWR:PZLWKPHDQYDOXHV
RI:PDQG:PIRUODPLQDWHGDQGQRQODPLQDWHGVDPSOHVUHVSHFWLYHO\)LJXUHVDDQGEVKRZ
KLVWRJUDPVRIHOHFWULFDOUHVLVWLYLW\GLVWULEXWLRQRIODPLQDWHGDQGQRQODPLQDWHGVDPSOHV


)LJD(OHFWULFDOUHVLVWLYLW\ȍPIRUODPLQDWHGVDPSOHV )LJE(OHFWULFDOUHVLVWLYLW\ȍPIRUQRQODPLQDWHGVDPSOHV

7KHQRQODPLQDWHG VDPSOHVKDYH WKHKLJKHVWPHDQHOHFWULFDO UHVLVWLYLW\YDOXHGXH WR LWV UHODWLYHKRPRJHQHLW\DQG
ODFNRIFRQGXFWLYHPLQHUDOVFRPSRVLQJWKHODPLQDV
7KHHOHFWULFDOUHVLVWLYLW\DQLVRWURS\$ȡZDVFDOFXODWHGIURP
         


ZKHUH ȡY (OHFWULFDOUHVLVWLYLW\RIYHUWLFDOVDPSOH:P
ȡݮ (OHFWULFDOUHVLVWLYLW\RIKRUL]RQWDOVDPSOH:P
7KH FDOFXODWHG HOHFWULFDO DQLVRWURS\ UDQJHV IURP  WR  ZLWK PHDQ YDOXHV RI   DQG  IRU DOO
ODPLQDWHGDQGQRQODPLQDWHGVDPSOHVUHVSHFWLYHO\
3.5. Magnetic Susceptibility Distribution 
7KH YROXPH PDJQHWLF VXVFHSWLELOLW\ Ȥ LV UHODWHG WR WKH PDJQHWLF SHUPHDELOLW\  DQG FRQVLGHUHG DV YLFWRU
SDUDPHWHU5]KH\VN\DQG1RYLN
Ȥ = (μ -1)                                                                           
ZKHUH!IRUSDUDPDJQHWLFURFNVDQGIRUGLDPDJQHWLFURFNV
7KH UDWLR RI PDJQHWLF VXVFHSWLELOLW\ WR GHQVLW\ RI WKH URFN LV NQRZQ DV VSHFLILF PDJQHWLF VXVFHSWLELOLW\ $V WKH
GLIIHUHQFHV LQ PDJQHWLF SHUPHDELOLW\ RI URFNV DUH QRW ODUJH LW LV WKHUHIRUH RIWHQ PRUH FRQYHQLHQW WR XVH WKH
SDUDPHWHURIPDJQHWLFVXVFHSWLELOLW\ȤZKLFKFDQEHZULWWHQ LQDUHGXFHGIRUPDVȤ7KHPHDVXUHGPDJQHWLF
VXVFHSWLELOLW\A6,IRU WKH%DKDUL\DVDPSOHVUDQJHVIURPWRA6,ZLWKPHDQYDOXHVRI
DQGA6,IRU ODPLQDWHGDQGQRQODPLQDWHGVDPSOHVUHVSHFWLYHO\,W LQGLFDWHV WKHHIIHFWRI LURQ
ULFKPLQHUDOV H[LVWLQJ LQ ODPLQDVDQGFKDUDFWHUL]LQJ WKH ODPLQDWHG VDPSOHV7KHQRQODPLQDWHG VDPSOHVKDYH WKH
ORZHVWPHDQVXVFHSWLELOLW\YDOXH
7KHPDJQHWLFVXVFHSWLELOLW\DQLVRWURS\ǹțZDVFDOFXODWHGDV
    $N NPD[NPLQ    
       
,WLVYDU\IURPXSWRIRUDOOVWXGLHGVDPSOHVRIWKH%DKDUL\D)RUPDWLRQ7KHPHDQDQLVRWURS\YDOXHVZHUH
IRXQGWREHIRUDOOIRUODPLQDWHGDQGQRQODPLQDWHGVDPSOHVUHVSHFWLYHO\
V
H
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3HWURSK\VLFDO0RGHOOLQJ
6HYHUDO OLQHDU UHJUHVVLRQ DQG PXOWLUHJUHVVLRQ PRGHOV ZHUH SHUIRUPHG XVLQJ WKH 6366VRIWZDUH DPRQJ VRPH
PHDVXUHG DQGRU FDOFXODWHG SHWURSK\VLFDO SDUDPHWHUV LQ RUGHU WR LQWHUFRUUHODWH DQG REWDLQ UREXVW  UHODWLRQVKLSV
SHUPLWWLQJWRFDOFXODWHDQLPSRUWDQWUHVHUYRLUSDUDPHWHUIURPRWKHUVZKLFKFDQEHRXWOLQHGE\URXWLQHODERUDWRU\
PHDVXUHPHQWV7KHSUDFWLFDODSSOLFDWLRQRIDQ\PRGHOGHSHQGVRQLWVFRQVLVWHQF\
4.1. Permeability Prediction 
7KHSHUPHDELOLW\SUHGLFWLRQ LVDYHU\ LPSRUWDQWVXEMHFW LQ UHVHUYRLUHYDOXDWLRQ+RZHYHU LW LVQRWDVLPSOH MRE LI
WKHUHDUHQRFRUHVDPSOHVIURPWKHUHVHUYRLUXQGHULQYHVWLJDWLRQ7KLVLVDIDFWGXHWRWKHGLIILFXOWLHVDQGXQFHUWDLQW\
IDFLQJSHWURSK\VLFLVWVDQGUHVHUYRLUHQJLQHHUVGXULQJSHUPHDELOLW\FDOFXODWLRQVIURPPRVWVRSKLVWLFDWHGZHOO ORJV
7KHUHIRUH LI WKHUH DUH VRPH DGYDQFHV LQ SHUPHDELOLW\ PRGHOOLQJ LW VKRXOG EH KHOSIXO LQ ERWK FRVW DQG WLPH
UHGXFWLRQ7KHIROORZLQJPRGHOVGHDOZLWKWKHSHUPHDELOLW\SUHGLFWLRQIRUQRQODPLQDWHGKRPRJHQHRXVODPLQDWHG
DQGDOOVWXGLHGVDPSOHV
x 1RQ±ODPLQDWHGVDPSOHV$QDWWHPSWZDVPDGHWRUHODWHSHUPHDELOLW\WRURFNSRURVLW\6SRUDQG6PXVLQJ
WKHVWHSZLVHOLQHDUUHJUHVVLRQPHWKRG7KHREWDLQHGUHJUHVVLRQHTXDWLRQZDV
Log K = – 1.102 + 0.127Ø – 1.768 Sm + 5.63x10-3Spor  

 ZKHUH6PPNJDQG6SRUP
 7KLVHTXDWLRQLVFKDUDFWHUL]LQJE\DUHOLDEOHDQGUREXVWFRHIILFLHQWRIFRUUHODWLRQU 
x /DPLQDWHGVDPSOHVE\WKHVDPHPDQQHUWKHSHUPHDELOLW\DVDGHSHQGDQWYDULDEOHLVFDOFXODWHGIURPWKH
SRURVLW\6SRUDQG6PXVLQJWKHFDOFXODWHGUHJUHVVLRQHTXDWLRQDV
Log K = -0.787 + 8.679x10-2 Ø + 0.118Sm – 5.5x10-2 Spor   

 7KH FDOFXODWHG FRHIILFLHQW RI FRUUHODWLRQ IURP WKH HT ZDV U    ZKLOH WKH UHODWLRQ EHWZHHQ WKH
 PHDVXUHG DQG SUHGLFWHG SHUPHDELOLW\ H[KLELWV PRUH VFDWWHUHG GDWD SRLQWV WKDQ WKDW REWDLQHG IRU QRQ
 ODPLQDWHG%DKDUL\DVDPSOHV
x $OO 6DPSOHV  WKH REWDLQHG UHJUHVVLRQ OLQH HTXDWLRQ IRU SUHGLFWHG SHUPHDELOLW\ RI DOO VWXGLHG %DKDUL\D
VDPSOHVLV
Log K = -1.61 + 0.154 Ø – 1.644 SmU   
 7KHFDOFXODWHGSHUPHDELOLW\PRGHOIRUWKHODPLQDWHGVDPSOHVKDVWKHORZHVWFRHIILFLHQWRIFRUUHODWLRQ
4.2. Magnetic Susceptibility Prediction 
0DJQHWLFVXVFHSWLELOLW\DVDGHSHQGDQWYDULDEOHLVUHODWHGWRURFNSRURVLW\EXONGHQVLW\HOHFWULFDOUHVLVWLYLW\DQG6P
DVLQGHSHQGHQWYDULDEOHVZKLOHWKHPRVWUHOLDEOHPRGHOVKRXOG
EHVHOHFWHGDFFRUGLQJWKHVWHSZLVHWHFKQLTXHGRQHE\WKH6366VRIWZDUH,QHDFKFDOFXODWLRQVWHSVRPHSDUDPHWHUV
DUHH[FOXGHGGXHWRLWVORZHUFRHIILFLHQWRIFRUUHODWLRQV
x 1RQ± ODPLQDWHGVDPSOHV WKHUHJUHVVLRQPRGHO IRUFDOFXODWLQJPDJQHWLFVXVFHSWLELOLW\RIQRQODPLQDWHG
VDPSOHVLVUHSUHVHQWHGE\
Ȥ = 139.181 -6.911Ø +56.48 SmU 
 ZKHUHȤ ȤPDJQHWLFVXVFHSWLELOLW\ SRURVLW\6PPNJ
x /DPLQDWHGVDPSOHVWKHUHJUHVVLRQPRGHOFDOFXODWHGIRUODPLQDWHG%DKDUL\DVDPSOHVZDVUHSUHVHQWHGE\
Ȥ = -298.357 -1.47Ø + 56.48 Sm +171.24 ȡbU 

x $OOVDPSOHVWKHUHJUHVVLRQPRGHOFDOFXODWHGIRUDOO%DKDUL\DVDPSOHVZDV
Ȥ = -939.951 +469.971 ȡb - 6.39x10-2 R;       U  
ZKHUHȡE EXONGHQVLW\FPDQG5 HOHFWULFDOUHVLVWLYLW\:P
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4.3. Specific pore surface area (Spor) prediction 
,QQHU VXUIDFH 6SRU DV D GHSHQGDQW YDULDEOH LV UHODWHG WR URFN SRURVLW\ PDVV VSHFLILF VXUIDFH 6P DQG WRWDO
VSHFLILF VXUIDFH 6W  DV LQGHSHQGHQWYDULDEOHVZKLOH WKHPRVW UHOLDEOHPRGHO VKRXOGEH VHOHFWHGDFFRUGLQJ WR WKH
VWHSZLVH WHFKQLTXHGRQHE\ WKH6366VRIWZDUH ,QHDFKFDOFXODWLRQVWHSVRPHSDUDPHWHUVDUHH[FOXGHGGXH WR LWV
ORZHUFRHIILFLHQWRIFRUUHODWLRQVU
x 1RQODPLQDWHG VDPSOHV  WKH UHJUHVVLRQ PRGHO FDOFXODWHG E\ VWHSZLVH WHFKQLTXH IRU QRQODPLQDWHG
%DKDUL\DVDPSOHVZDVUHSUHVHQWHGE\
Spor = 21.893 – 1.614Ø+ 17.972 Sm, U   
x /DPLQDWHG VDPSOHV  WKH UHJUHVVLRQ PRGHO FDOFXODWHG E\ VWHSZLVH WHFKQLTXH IRU ODPLQDWHG %DKDUL\D
VDPSOHVZDV
Spor = -0.341 + 28.412 Sm, U    
x $OO VDPSOHV  WKH UHJUHVVLRQ PRGHO FDOFXODWHG E\ VWHSZLVH WHFKQLTXH IRU DOO %DKDUL\D VDPSOHV ZDV
UHSUHVHQWHGE\HT
Spor = 7.894 +26.862 Sm – 0.759Ø U   
4.4. Seismic Velocity Distribution 
7KHVRQLFZDYHYHORFLW\LVPHDVXUHGXVLQJ2<26RQLF9LHZHUZLWKWUDQVGXFHURIN+]IRUWKH3ZDYHDQG
N+]IRUWKH6ZDYHPHDVXUHPHQWV7KHVWDWLVWLFVRIPHDVXUHGVRQLFYHORFLW\RIWKH%DKDUL\DVDPSOHVLQGLFDWHV
WKDWVKHDUZDYHYHORFLW\GDWDLVFORVHUDURXQGWKHPHDQYDOXHWKDQWKDWRIWKHFRPSUHVVLRQDOZDYHYHORFLW\IRUDOO
VDPSOHV7KHPHDQYDOXHRIWKHPHDVXUHGFRPSUHVVLRQDODQGVKHDUZDYHYHORFLW\IRUDOOVDPSOHVDUHPV
DQGPV UHVSHFWLYHO\ ,W LV IRXQG WREHPVDQGPV IRU WKH9S DQG WKH9V EHORQJLQJ WR
ODPLQDWHGVDPSOHV7KHQRQODPLQDWHGVDPSOHVKDYHWKHKLJKHVWPHDQVHLVPLFYHORFLW\UHODWLYHWRRWKHUFDWHJRULHV
7KH ODPLQDWHG VDPSOHV GDWD KDV WKH KLJKHVW VWDQGDUGGHYLDWLRQ DPRQJ WKH VWXGLHG WKUHH FDWHJRULHV7KHREWDLQHG
UHVXOWVDUHJRLQJLQDZULJKWZD\FRPSDWLEOHZLWKWKHDFRXVWLFZDYHEHKDYLRXUDVQRQVFDODUSDUDPHWHU
x &RPSUHVVLRQDO±6KHDU:DYH9HORFLW\7KHKLJKUHOLDEOHFRHIILFLHQWRIFRUUHODWLRQIRUWKHUHODWLRQ
EHWZHHQFRPSUHVVLRQDODQGVKHDUZDYHYHORFLW\PHDVXUHGIRU WKHDOO%DKDUL\DVDPSOHV LV UHSUHVHQWHGE\
HTXDWLRQ
Vp = 175.578 + 1.321 Vs 
 ZKHUHERWK9SDQG9VLQPV

x 6RQLF9HORFLW\$QLVRWURS\   ,W LVGHILQHGDVYHORFLW\PHDVXUHG LQYHUWLFDO GLUHFWLRQ WR WKDWPHDVXUHG LQ
KRUL]RQWDOGLUHFWLRQDV
     

 ZKHUHȞȞ YHORFLW\RIYHUWLFDOVDPSOHPVDQGȞ+ WKHYHORFLW\RIKRUL]RQWDOVDPSOHPV
x 1RQODPLQDWHGVDPSOHVWKHPHDQDQLVRWURS\YDOXHIRUERWKRIWKHPLV7KHVWDQGDUGGHYLDWLRQHTXDOV
DQG IRUFRPSUHVVLRQDODQGVKHDUZDYHDQLVRWURS\UHVSHFWLYHO\ ,W LQGLFDWHV WKDWGDWDSRLQWVDUH
FORVHUWRWKHPHDQYDOXHLQFDVHRIWKHFRPSUHVVLRQDOZDYHWKDQWKDWRIWKHVKHDUZDYHYHORFLW\DQLVRWURS\
7KH UHJUHVVLRQ PRGHO FDOFXODWHG E\ VWHSZLVH WHFKQLTXH IRU QRQODPLQDWHG %DKDUL\D VDPSOHV ZDV
UHSUHVHQWHGE\
 AVp = 9.158 x10-2 +0.893 AVs U   
 ZKHUH$9S FRPSUHVVLRQDOZDYHYHORFLW\DQLVRWURS\$9V VKHDUZDYHYHORFLW\DQLVRWURS\
x /DPLQDWHGVDPSOHVPHDQDQLVRWURS\YDOXHIRU$9SLVZKLOHLWLVIRU$9V7KHVWDQGDUGGHYLDWLRQ
HTXDOV  IRU ERWK FRPSUHVVLRQDO DQG VKHDUV ZDYH DQLVRWURS\ 7KH UHJUHVVLRQ PRGHO FDOFXODWHG E\
VWHSZLVHWHFKQLTXHIRUODPLQDWHG%DKDUL\DVDPSOHVZDVUHSUHVHQWHGE\
AVp = 4.811 x10-2 +0.956 AVsU   
 ZKHUH$9S FRPSUHVVLRQDOZDYHYHORFLW\DQLVRWURS\$9V VKHDUZDYHYHORFLW\DQLVRWURS\
x $OO VDPSOHV  WKHPHDQDQLVRWURS\YDOXH IRUERWK ORQJLWXGLQDO DQG VKHDUZDYHYHORFLW\ $9SDQG$9V LV
 7KH VWDQGDUG GHYLDWLRQ HTXDOV  DQG  IRU ERWK FRPSUHVVLRQDO DQG VKHDUV ZDYH DQLVRWURS\
UHVSHFWLYHO\7KHUHJUHVVLRQPRGHOFDOFXODWHGE\VWHSZLVHWHFKQLTXHIRUODPLQDWHG%DKDUL\DVDPSOHVZDV
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AVp = 8.888x10-2 + 0.9 AVsU     
 ZKHUH$9S FRPSUHVVLRQDOZDYHYHORFLW\DQLVRWURS\$9V VKHDUZDYHYHORFLW\DQLVRWURS\
&RQFOXVLRQV
/LWKRORJLF ODPLQDWLRQ KDV WKH PDMRU HIIHFW RQ WKH SHWURSK\VLFDO PRGHOOLQJ DQG DQLVRWURS\ RI UHVHUYRLU URFN
SDUDPHWHUVEHFDXVHWKHODPLQDVWKHPVHOYHVFRPSRVHGRIS\ULWHUXWLOHJODXFRQLWHPLFDVDQGLURQULFKPLQHUDOV7KH
QRQODPLQDWHG%DKDUL\D VDPSOHV KDYH WKH ORZHVWPHDQ EXON GHQVLW\ DQG 6P YDOXHVZKLOH WKH\ KDYH WKH KLJKHVW
PHDQSRURVLW\6DQG6SRUYDOXHV,QDGGLWLRQLWKDVWKHKLJKHVWPHDQSHUPHDELOLW\YDOXHORZHVWPHDQSHUPHDELOLW\
DQLVRWURS\ DQG KLJKHVWPHDQ HOHFWULFDO UHVLVWLYLW\ YDOXH GXH WR LWV UHODWLYH KRPRJHQHLW\ 7KH ODPLQDWHG%DKDUL\D
VDPSOHVKDYHWKHKLJKHVWSHUPHDELOLW\DQLVRWURS\DQGKLJKHVWPHDQHOHFWULFDOUHVLVWLYLW\DQLVRWURS\DOVRLWKDVWKH
KLJKHVWPHDQHOHFWULFDOUHVLVWLYLW\
7KH QRQODPLQDWHG %DKDUL\D VDPSOHV KDYH WKH ORZHVW PHDQPDJQHWLF VXVFHSWLELOLW\ YDOXH ZKLOH WKH GLIIHUHQFHV
DPRQJ WKH FDOFXODWHG PHDQ VXVFHSWLELOLW\ DQLVRWURS\ RI DOO ODPLQDWHG DQG QRQODPLQDWHG %DKDUL\D VDPSOHV DUH
QHJOLJLEOH5REXVWUHJUHVVLRQSHWURSK\VLFDOPRGHOVDUHSHUIRUPHGIRU%DKDUL\DSHUPHDELOLW\VXVFHSWLELOLW\6SRUDQG
VHLVPLFZDYHYHORFLW\SUHGLFWLRQIRUERWKODPLQDWHGDQGQRQODPLQDWHGVDQGVWRQHUHVHUYRLUIDFLHV7KHVHLPSRUWDQW
UHVHUYRLUSDUDPHWHUVDQGWKHLUDQLVRWURS\FDQEHRXWOLQHGIURPURXWLQHPHDVXUHPHQWVXVLQJWKHFDOFXODWHGUHJUHVVLRQ
PRGHOV
$FNQRZOHGJHPHQWV
$XWKRUV DUH JUDWHIXO WR WKH DXWKRULWLHV RI (J\SWLDQ *HQHUDO 3HWUROHXP &RUSRUDWLRQ (*3& IRU SURYLGLQJ WKH
QHFHVVDU\GDWD)LQDQFLDOVXSSRUWIURPERWKWKH*HUPDQ5HVHDUFK)RXQGDWLRQ')*DQG$LQ6KDPV8QLYHUVLW\DUH
JUDWHIXOO\DFNQRZOHGJHG
5HIHUHQFHV
 $WKPHU:  3HWURORJLVFKH XQG SHWURSK\VLNDOLVFKH &KDUDNWHULVLHUXQJ GHU VWDUN DQLVRWURSHQ %DKDUL\D )RUPDWLRQ bJ\SWHQ ± ,Q
0OOHU5HG*HRIRUVFKXQJ±%HLWUlJHDXV*HRORJLH3DOlRQWRORJLHXQG*HRSK\VLN±&ODXVWKDOHU*HRZLVVHQVFKDIWHQ9ROSS
&ODXVWKDO=HOOHUIHOG
 $WKPHU::HOOHU$(O6D\HG$0$ 3HWURORJLFDOFKDUDFWHUL]DWLRQRI WKH%DKDUL\D)RUPDWLRQ(J\SW ,Q<RXVVHI( HG
&DLUR8QLYQG,QWHUQDWLRQDO&RQIRQWKH*HRO2I7HWK\V9
 %DOO-DQG%HDGQHOO+-%DKDUL\D2DVLVLWVWRSRJUDSK\DQGJHRORJ\6XUYH\'HSW&DLURS
 %|UQHU )' 6FK|Q -+  /RZ IUHTXHQF\ FRPSOH[ FRQGXFWLYLW\ PHDVXUHPHQWV RI PLFURFUDFN SURSHUWLHV 6XUY *HRSK\V 
B
 %UXQDXHU6(PPHWW37HOOHU($GVRUSWLRQRIJDVHVRQPXOWLPROHFXODUOD\HUV-$P&KHP6RFB
 (*3&:HOOHYDOXDWLRQFRQIHUHQFH6FKOXPEHUJHU(J\SW
 (O 6D\HG $0$ 3HWURSK\VLFDO SURSHUWLHV RI WKH %DKDUL\D )RUPDWLRQ *HEHO (O 'LVW %DKDUL\D 2DVLV(J\SW(*6WK
$QQ0WJSS
 (O6D\HG$0$7KHUPRSK\VLFDOVWXG\RIVDQGVWRQHUHVHUYRLUURFNV-RXUQDORI3HWUROHXP6FLHQFHV	(QJLQHHULQJ
 (O6D\HG$0$0RXVH6$+LJD]L$DQG$O.RGVK$5HVHUYRLUFKDUDFWHULVWLFVRIWKH%DKDUL\D)RUPDWLRQLQERWK6DODDP
DQG.KDOGDRLOILHOGV:HVWHUQ'HVHUW(J\SW(*63URF7K$QQ0WJ
 (O6D\HG$0$(O%DWDQRQ\0DQG6DODK$3RLVVRQ
VUDWLRDQGUHVHUYRLUIOXLGVDWXUDWLRQ8SSHU&UHWDFHRXV(J\SW
 ,VWYDQ/DNDWRV (G&KDOOHQJHVRI DQ LQWHUGLVFLSOLQDU\ VFLHQFH$NDGHPLD.LDGR%XGDSHVWSURJUHVV LQPLQLQJDQGRLO ILHOG FKHPLVWU\
9RO
 )UDQNV*'6WUDWLJUDSKLFDOPRGHOLQJRI8SSHU&UHWDFHRXVVHGLPHQWVRI%DKDUL\D2DVLVWK(*3&([S6HPLQDU&DLURSS
 0DWWKLDV+:HOOHU$6DWWOHU&'HEVFKW]:(O6D\HG$0$$FRPSOH[FRUH±ORJFDVHVWXG\RIDQDQLVRWURSLFVDQGVWRQH
RULJLQDWLQJIURP%DKDUL\D)RUPDWLRQ$EX*KDUDGLJEDVLQ(J\SW3HWURSK\VLFV±
 6DLG5DQG,VVDZL%*HRORJ\RIQRUWKHUQSODWHDX%DKDUL\D2DVLV(J\SW*HR6XUYH\(J\SWSDSHU1RSS
 6ROLPDQ60)DULV0,DQG(O%DGU\2$/LWKRVWUDWLJUDSK\RIWKH&UHWDFHRXVIRUPDWLRQVLQWKH%DKDUL\D2DVLV:HVWHUQ'HVHUW
(J\SWWK$UDE3HWUROHXP&RQJ.XZDLW
 6WRUPHU( (UJHEQLVVH GHU)RUVFKXQJVUHLVHQ3URI6WURPHUV LQ GHQ:VWHQbJ\SWHQV 7RSRJUDSKLH XQG*HRORJLH GHU 6WUHFNH
*KDUDT%DKDULMH QHEVW $XVIKUXQJHQ EHU GLH JHRORJLVFKH *HVFKLFKWH bJ\SWHQV $EK %D\HU $NDG :LVV 0DWK3K\V .O  
0QFKHQ
